Introduction
Angiogenesis, the process by which new vessels are formed through the sprouting of endothelial cells, is critical during development as it provides a means for supplying oxygen and nutrients to tissues with increased need [1] . In the adult, vessels are normally quiescent and sprouting is physiologically limited to specific sites, such as the ovaries and the placenta [1] . However, in a number of diseases sprouting angiogenesis resumes.In cancer, angiogenesis contributes to disease progression [2] . Since VEGF is a key endogenous stimulator of physiological and pathological angiogenesis, different approaches to targeting VEGF with antibodies and small molecules have gained approval as adjuvant therapies for certain cancers [1, 2] . However, the therapeutic benefits have been modest as tumors either are resistant or rapidly develop resistance to anti-VEGF treatment. To clarify the underlying reasons and improve anti-angiogenic treatment of cancer, recent efforts have focused on a more fundamental understanding of the angiogenic process in physiology and disease [3] [4] [5] , and the discovery of biochemical signals and pathways other than those directly dependent on VEGF [1] .
Myeloid cells, which to varying degrees infiltrate tumors, have been shown to promote tumor angiogenesis, and to mediate resistance to anti-VEGF treatment [1, 6] . Efforts to clarify the underlying mechanisms resulted in the identification Bv8, also known as prokineticin 2, a 77 amino acids protein product of Gr1+CD11b+ myeloid cells induced by granulocyte colony stimulatory factor (G-CSF) [6] [7] [8] [9] . Its G-protein-coupled receptors, (endocrine gland-derived) EG-VEGFR-1 and -2, have been identified on a variety of cells, including endothelial cells, hematopoietic progenitors and mature blood cells [6, [10] [11] [12] . Bv8 promoted the proliferation of endothelial cells in vitro and angiogenesis in vivo, and its effects were comparable to those induced by VEGF in selected cultures and tissues [11, 12] . Neutralization of Bv8 or its inducer G-CSF in tumor-bearing mice inhibited tumor growth and tumor angiogenesis [7] [8] [9] . However, the mechanisms by which G-CSF promotes Bv8 expression, the cellular source of Bv8 production within the broader Gr1+CD11b+ cell population, and the extent to which Bv8 contributes to tumor angiogenesis and tumor growth are incompletely defined. To address these questions, we took advantage of a genetic mouse model of granulocyte deficiency induced by the homozygous deletion of Growth factor independence-1 (Gfi-1), a transcriptional repressor that critically regulates granulocyte maturation from bone marrow myeloid precursors [13, 14] .
Materials And Methods

Mice
All mice (Gfi1-/-mutants and WT Gf11+/+ littermates C57BL/6; 4-8 weeks of age) previously described [13, 32] ; all mice were housed in the animal facilities at the National Institutes of Health; animal studies were approved by the NCI Institutional Animal Care and Use Committee and were conducted in accordance with institutional guidelines. G-CSF treatment was carried out as described previously [32] .
Tumor models
The murine lymphoma EL4 cell line and the murine Lewis lung carcinoma cell line LLC-1 (from ATCC) (10 × 106 in 0.1 mL PBS) were implanted subcutaneously in the left abdominal quadrant of 6-to10-week-old mice. Tumors were harvested, weighed, and processed for flow cytometry, cell sorting, histology and/or gene expression studies, as described [33] .
Cells
Bone marrow cells were obtained by flushing femora and tibiae, as described [34] . Cells were obtained from single-cell suspended spleens and tumor tissues by standard techniques. Cells were sorted electronically (FACSVantage SE; BD Biosciences) from bone marrow, spleen and tumors after cell-surface staining with APC-CD11b (Biolegend), PE-Ly6C (BD Pharmingen) and FITC-Ly6G antibodies (BD Pharmingen).
Tumor immunohistochemistry
Tumors were fixed in 4% PFA and cryopreserved. Tissue sections were stained with rat antimouse CD31 monoclonal antibody (BD Pharmingen, San Diego, CA). Nuclei were visualized with DAPI (1:2000; Invitrogen). Sections were imaged with an Axiovert 200 fluorescence microscope (Carl Zeiss, Thornwood, NY).
Image quantification
Images from fluorescence staining were analyzed using NIH ImageJ software (http://rsb.info.nih.gov/ij/download.html). Pixel values for CD31 and DAPI fluorescence were separately obtained from individual tumor sections to compose the entire section. A ratio of CD31 pixel values/DAPI pixel values was calculated from each section to derive a relative mean CD31 pixel count. Relative mean CD31 pixel counts from tumor sections of the same group were averaged.
RNA isolation and measurement
Total RNA extracted with TRIzol (Invitrogen) or Absolutely RNA nanoprep kit (Statagene) was reverse transcribed using high-capacity cDNA reverse transcription kit (Applied Biosystems). and GAPDH mRNAs were measured by real-time PCR using the double strand specific dye SYBR® Green system (Applied Biosystems), as described [35] .
Statistical analysis
Group differences were evaluated by the two-tailed Student's t-test for sample sizes ≤5. P values less than 0.05 were considered statistically significant.
Results
First, we examined the relative contribution of monocytes and granulocytes to the production of Bv8. Granulocytes are mature CD11b+ myeloid cells that also express the surface Ly6C and Ly6G antigens, whereas the monocytes are CD11b+ myeloid cell that also express the surface Ly6C, but not the Ly6G, antigen [19] . By flow cytometry, the bone marrow ( Figures 1A, 1B ) and spleen ( Figures 1C, 1D ) of Gfi1-null knock out mice (KO) clearly lack of CD11b+, Ly6C+, Ly6G+ granulocytes, whereas this population is normally represented in the wild-type (WT; Gfi1+/+) littermates (representative and cumulative flow cytometry profiles are shown). In addition, the bone marrow ( Figures 1A,  1B ) and spleen ( Figures 1C, 1D ) of Gfi1-null mice display a relative increase of the monocyte CD11b+, Ly6C+, Ly6G-population. We sorted the monocytes (Ly6C+, Ly6G-) and the granulocytes (Ly6C+, Ly6G+) from the combined CD11b+ bone marrow cells of 5 WT mice (Figure 2A) , and the monocytes (CD11b+, Ly6C+, Ly6G-) from the combined bone marrows of 5 Gfi1-null mice ( Figure 2B) ; we could not sort the granulocytes from the granulocyte-deficient Gfi1-null bone marrows since the granulocyte gate was virtually empty ( Figure 2B ).
FIGURE 2: Representative cell sorting profiles of monocytes and granulocytes from bone marrow.
Bone marrows from 5 Gfi1-null and normal control littermates were labeled with antibodies for CD11b, Ly6C and Ly6G. After gating on CD11b+ cells (left panels), the Ly6C+Ly6G-monocytes and the Ly6C+Ly6G+ granulocytes were separated. (A) Normal WT control; (B) Gfi1-null.
We measured the levels of Bv8 mRNA expression in these cell populations by quantitative PCR (polymerase chain reaction). We found that constitutive levels of Bv8 mRNA were very low in all cell populations (Figure 3A) . After G-CSF stimulation (10 ng/ml, 4 hr), Bv8 mRNA expression increased by over 700-fold in WT granulocytes and by about 8-fold in WT monocytes ( Figure 3A) . By contrast, Bv8 mRNA expression with G-CSF remained quite low in Gfi1-null monocytes ( Figure 3A) .
Based on these in vitro results, we measured Bv8 expression in WT and Gfi1-null mice in vivo. G-CSF (filgrastim; Amgen) was administered to groups of WT and Gfi1-null mice intraperitoneally (i.p.) daily for 5 days at the dose of 5 mg/mouse. Consistent with the results in vitro, we found that G-CSF promotes Bv8 expression in WT bone marrow cells, whereas levels of Bv8 remained low in Gfi1-null bone marrows in spite of G-CSF administration ( Figure 3B ). These results indicate that constitutive levels of Bv8 expression are low in normal and Gfi1-null bone marrows; that G-CSF greatly stimulates Bv8 expression in the normal bone marrow cells but not in the Gfi1-null bone marrow cells; that bone marrow granulocytes, not monocytes, are the principal source of G-CSF-induced Bv8 expression. As shown in Figure 1 , such granulocyte population is largely missing from Gfi1-null bone marrows, whereas previous studies have shown that monocytes are functionally normal in Gfi1-null mice [20] . The difference in Bv8 expression by WT monocytes and granulocytes is not attributable to G-CSF unresponsiveness by bone marrow monocytes because such cells express a functional G-CSF receptor (G-CSFR; Csf3r), which mediates critical biological effects of G-CSF in this population [21] . A previous study reported that administration of anti-Bv8 or anti-G-CSF neutralizing antibodies to mice injected subcutaneously (s.c.) with the murine lymphoma EL4 or Lewis lung carcinoma (LLC-1) cell lines resulted in a significant reduction of tumor angiogenesis and tumor growth, providing evidence that endogenous G-CSF and Bv8 contribute to EL4 and LLC1 tumor progression [8] . Based on the information shown in Figures 1-3 , we predicted that experimental EL4 and LLC-1 tumors would grow less vigorously in Gfi1-null mice than in WT mice due to the granulocyte and Bv8 deficiency of Gfi1-null mice (Figures 1, 2) . To test this prediction, we injected subcutaneously (s.c.) groups of Gfi1-null mice and WT littermate controls with the syngeneic EL4 or LLC-1 cell lines. In a series of experiments, we found that s.c. injection of 10x106 EL4 or LLC-1 cells gave rise to progressively growing tumors in 100% of all (WT and GFi1-null) mice 5-7 days post injection. In contrast to our predictions, we found that EL4 tumors grew significantly (p<0.01) larger in the Gfi1-null mice compared to the controls ( Figure 3C) . Instead, we found that LLC1 tumors grew significantly (p<0.01) larger in the WT controls than in the Gfi1-null recipient mice, which agreed with our predictions ( Figure 3D ).
Flow cytometric analysis of the inflammatory infiltrates in these tumors showed a significantly greater proportion of granulocytes (CD11b+, Ly6C+, Ly6G+) in EL4 tumors growing in the WT compared to Gfi1-null mice (P<0.015; Figure 4A ). In contrast, granulocyte infiltration was similarly low in LLC-1 tumors even in WT and Gfi1-null mice (P>0.05; Figure 4A ). This analysis also showed a significantly greater monocyte (CD11b+, Ly6C+, Ly6G-) infiltration in LLC-1 tumors from Gfi1-null mice compared to the WT controls (P<0.001; Figure 4B) . Instead, monocyte infiltration was similar in EL4 tumors (P>0.05; Figure 4B ). We detected no difference in the proportion of T cells infiltrating EL4 and LLC-1 tumors in WT and Gfi1-null mice (not shown). 
Consistent with in vitro results
showing that the EL4 and LLC-1 cell lines do not express Bv8 mRNA (not shown), Bv8 expression was undetected in unfractionated EL4 and LLC-1 tumor tissues. Therefore, we sorted granulocyte and monocyte populations infiltrating these tumors. We found that WT granulocytes recovered from EL4 and LLC-1 tumors growing in WT mice expressed 5 to 25-fold higher levels of Bv8 mRNA compared to the WT monocytes recovered from these tumors, respectively ( Figure 4C, 4D ). In addition, we found that Gfi1-null monocytes recovered from EL4 and LLC-1 tumors growing in Gfi1-null mice expressed virtually no Gfi1 mRNA ( Figure 4C, 4D) . As expected, we could not sort sufficient number of granulocytes from the tumors in the granulocyte-deficient Gfi1-null mice. Thus, the pattern of Bv8 expression in tumor-infiltrating populations is consistent with the pattern in bone marrow from non tumor-bearing mice (Figures 1, 2) showing that WT granulocytes are a greater source of Bv8 compared to WT monocytes, and even more so than Gfi1-null monocytes.
These experiments indicate that EL4 tumor growth inversely correlated with granulocyte infiltration and tumor-associated Bv8 expression: tumors grew significantly more vigorously in Gfi1-null than in WT mice despite the significantly greater granulocyte infiltration and Bv8 expression in tumors arising in the Gfi1-null as opposed to WT mice. To examine whether increased LLC-1 tumor growth in WT mice compared to Gfi1-null mice was attributable to granulocyte infiltration and Bv8 expression, albeit modest by comparison to EL4 tumors, we examined tumor angiogenesis ( Figure 5 ). Our analysis showed no significant differences (P>0.05) in the proportion of CD31+ endothelial cells detected in LLC-1 tumors growing in WT and Gfi1-null mice ( Figure 5B), indicating that increased angiogenesis was unlikely responsible for increased LLC-1 growth in WT as opposed to Gfi1-null mice. A similar analysis in EL4 tumors also showed no significant difference (P>0.05) in tumor vascularization ( Figure  5A ). Thus, granulocyte infiltration, expression of the pro-angiogenic Bv8 factor and tumor vascularization do not explain the differences in EL4 and LLC-1 tumor growth in normal mice and granulocyte-deficient Gfi1-null mice. 
Discussion
Neovascularization is a hallmark of tumor cells [22] , most of which secrete VEGF, a principal stimulator of endothelial cell sprouting angiogenesis [23, 24] . Not surprisingly, VEGF has emerged as the prime target for anti-angiogenic cancer therapy [2, 25] , based on the premise that reducing tumor vascularization may reduce tumor growth [26] . Several drugs that target VEGF have been developed, and some have proved to be efficacious as anti-cancer agents and have gained FDA approval [1, 2] : the VEGF neutralizing antibody bevacizumab (Avastin) for adjuvant therapy of several advanced cancers and as a single agent for the treatment of recurrent glioblastoma; tyrosine kinase inhibitors that target VEGFR2 and other receptors for adjuvant therapy of metastatic renal cell carcinoma (Sunitinib, Sorafenib, and Pazopanib) advanced liver (Sorafenib), medullary thyroid (Vandetanib) and neuroendocrine pancreatic (Sunitinib) cancers; and VEGF-trap (Aflibercept, Zaltrap) that binds VEGF-A and other VEGF family members for adjuvant therapy of advanced colorectal cancer.
Patient benefits from drugs that target VEGF is measured in weeks or months of increased cancer survival or progression-free survival. Mechanistically, VEGF-targeted therapeutics reduce tumor neovascularization by blocking the chaotic endothelial cell sprouting typical of many tumors; by inducing the regression of newly formed tumor vessels; and possibly by producing a functional "normalization" of the tumor vascular supply resulting in better delivery of chemotherapy [1, 2, 27] . It will be important to dissect the relative contribution of these different mechanisms to anti-angiogenic treatment of cancer, but much effort is currently placed in identifying new and improved targets. One such promising target is Bv8, identified as a product of tumor-infiltrating myeloid cells, which was shown to inhibit tumor angiogenesis even in the context of resistance to VEGF neutralization [6] [7] [8] [9] .
The studies presented here show that Bv8 is produced predominantly by granulocytes that reside in the bone marrow and the spleen or have infiltrated the tumor tissue, whereas other myeloid cells at these sites are a poor source of Bv8. Our studies also show that EL4 and LLC-1 tumors grow to significantly different sizes in normal and granulocyte-deficient mice, but whereas EL4 tumors grow more rapidly in the granulocyte/Bv8-incompetent KO mice, LLC-1 tumors grow more rapidly in the granulocyte/Bv8-competent mice. While confirming the critical importance of the tumor microenvironment as a determinant of tumor progression, the current results appear to contrast with those of previous studies showing that neutralization of Bv8 alone or with VEGF reduced substantially EL4 and LLC-1 tumor growth in mice [8] . The experimental conditions were somewhat different in that we used immunocompetent mice syngeneic to the cell lines, whereas the previous study used T-cell immunodeficient nude mice [8] , which raises the possibility of a confounding contribution of T-cell immunity introduced in our experiments. Since broad deficiencies in T-cell immunity are uncommon in cancer patients, the current results from T-cell immunocompetent mice may be instructive for future Bv8 drug development. It is interesting that CD8+ T-cells can promote granulocyte anti-tumor activity [19] , and that granulocytes can either enhance or inhibit tumor growth [28] . Mechanistically, granulocytes can secrete pro-angiogenic factors, including Bv8 [29] and matrix-degrading enzymes [30] , which promote tumor angiogenesis and tumor growth. They can also be cytotoxic for tumor cells and inhibit tumor cell growth [31, 32] .
Gfi1 is a transcriptional repressor that targets a variety of genes [33] . Not unexpectedly, besides being granulocyte deficient, Gfi1-null mice have been reported to have other defects including defective monocyte maturation into dendritic cells [20] , defective self-renewal of hematopoietic stem cells [33] , defective T-cell precursor development and maturation [34] and reduced B-cell number in the bone marrow [14] . Despite these deficiencies, adult Gfi1-null mice display only a modest reduction in lymphoid populations in blood and peripheral lymphoid organs, and no defects in antigen-driven T and B cell responses [35] . Nonetheless, it is possible that the Gfi1-null mice may not solely reflect the absence of granulocytes when challenged with tumor cells.
Conclusions
The current results confirm the critical importance of the tumor microenvironment as a determinant of tumor progression, reinforce the potential antitumorigenic role of granulocytes and reveal previously unappreciated complexities of the proangiogenic function of granulocytes and Bv8.
